Abstract: Water allocation to crops, and especially to the most water intensive ones, has always been of great importance in agricultural processes. Deficit or excessive irrigation could create either crop health-related problems or water over-consumption, respectively. The latter could lead to groundwater depletion and deterioration of its quality through deep percolation of agrichemical residuals. In this context, and under the current conditions where Cyprus is facing effects of possible climate changes, the purpose of this study seeks to estimate the needed crop water requirements of the past (1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004) and the corresponding ones of the present (2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015) in order to test if there were any significant changes regarding the crop water requirements of the most water-intensive trees in Cyprus. The Mediterranean region has been identified as the region that will suffer the most from variations of climate. Thus the paper refers to effects of these variations on crop evapotranspiration (ETc) using remotely-sensed data from Landsat TM/ETM+/OLI employing a sound methodology used worldwide, the Surface Energy Balance Algorithm for Land (SEBAL). Though the general feeling is that of changes on climate will consequently affect ETc, our results indicate that there is no significant effect of climate variation on crop evapotranspiration, despite the fact that some climatic factors have changed. Applying Student's t-test, the mean values for the most water-intensive trees in Cyprus of the 1994-2004 decade have shown no statistical difference from the mean values of 2005-2015 for all the cases, concluding that the climate change taking place in the past decades in Cyprus have either not affected the crop evapotranspiration or the crops have managed to adapt to the new environmental conditions through time.
Introduction

Climate and Climate Changes in Cyprus
Cyprus has an intense Mediterranean climate with typical seasonal changes with hot, dry summers from mid-May to mid-September and rainy winters from mid-November to mid-March, which are separated by short autumn and spring seasons. In the summer, Cyprus is mainly under the influence of a shallow trough of low pressure extending from the high continental depression centered over Southwest Asia. It is a season of high temperatures with, usually, cloudless skies. [2] . This decrease in precipitation has resulted in an even greater decrease in the country's water resources. Considering that the majority of Cyprus' dams and irrigation projects have been designed on the basis of precipitation data from a wetter past, they have not always lived up to the expectations they raised (Figure 1 ).
Temperatures are high in summer and the mean daily temperature in July and August range between 22 • C on the Troodos Mountains and 29 • C on the central plain, while the average maximum temperature for these months ranges between 27 and 36 • C, respectively ( Figure 2 ). Winters are mild with a mean January temperature of 3 • C on the higher parts of the Troodos Mountains and 10 • C on the central plain. Sunshine is abundant during the whole year, and particularly from April to September when the average duration of sunshine exceeds 11 h per day while, sometimes, the yearly sunshine period exceeds 300 days. Winds are generally light to moderate and variable in direction. Strong winds may occur sometimes, but gales are infrequent over Cyprus and are mainly confined to exposed coastal areas, as well at areas with high elevation [3, 4] .
Recent studies by the Ministry of Agriculture, Natural Resources, and Environment [4, 5] and other research institutes [3, 6, 7] which refer to the climate change in agricultural terms in Cyprus, indicated that climate change is likely to increase irrigation water demands, reduce yields, and increase soil degradation. This means less water use for agriculture, which will also come at a higher price. These studies have shown that there is highly variable nature of the climate in Cyprus, both in space and in time. Statistically significant increasing trends were found for the minimum and maximum temperatures. Analysis of the crop areas of the past in Cyprus showed a very large reduction in the harvested areas of main traditional crops cultivated on the island. The area planted with seasonal crops fluctuated between dry and wet years but, overall, remained fairly stable, while irrigation has an important effect on reducing the variability in total annual production. Nevertheless it is important to mention that there is the possibility to reuse an important amount of reclaimed water which is used directly in the agricultural sector.
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Crop Water Requirements
Water requirements for each crop are inferred by the crop's evapotranspiration (ETc). Evapotranspiration (ET) is the loss of water from a vegetative surface through the combined processes of plant transpiration and soil evaporation. Since ETc is directly dependent on meteorological factors such as radiation, air temperature, humidity, and wind speed, along with crop parameters (FAO), one could expect that there would be a change on the water requirements of crops due to possible climate change, or since climate change is still a controversial term, authors would better say variations of climate. There is no bound method to obtain an accurate measure of ETc due to the variability and complexity of climatic factors and biophysical variables involved in the process. Evapotranspiration (ET) estimation is important for hydrologic modeling and irrigation scheduling [6] [7] [8] .
Actual evapotranspiration ET a is one of the most useful indicators to explain whether the water is used as "intended" or not. ET a variations, both in space and time, and from different land use classes, are thought to be highly indicative for the adequacy, reliability, and equity in water use; the knowledge of these terms is essential for judicious water resources management. Unfortunately, ET a estimation under actual field conditions is still a very challenging task for scientists and water managers. The complexity associated with the estimation of ET has led to the development of various methods for estimating this parameter over time [9, 10] .
Remote sensing-based agro-meteorological models are presently most suited for estimating crop water use at both field and regional scales [11] . Numerous ET algorithms have been developed to make use of remote sensing data acquired by sensors on airborne and satellite platforms [12] . This study demonstrates the application of a remote sensing algorithm, the Surface Energy Balance Algorithm for Land (SEBAL) [11, 13, 14] that is applied employing the necessary modifications and adaptations regarding the crop canopy parameters such as Leaf Area Index and Crop Height. The SEBAL model has been used in several studies [15] [16] [17] [18] [19] [20] [21] . SEBAL has been applied in several countries of the Mediterranean region. It has been applied in Egypt [20] and then in Turkey [13] , in Greece [22, 23] , and also in Cyprus [19] [20] [21] .
ETc in the study area was firstly estimated by applying the Surface Energy Balance Algorithm for Land (SEBAL) on the satellite images which included a thermal band (Landsat images). SEBAL is a thermodynamically-based model, using the partitioning of sensible heat flux and latent heat of vaporization flux as described by [15] , who developed the algorithm. In the SEBAL model, ETc is computed from satellite images and weather data using the surface energy balance. Remotely-sensed data in the visible, near-infrared, and thermal infrared bands are used to derive the energy balance components along with ground measured solar radiation, if available. The other ground measurements that are required as model inputs are air temperature, relative humidity, and wind speed at a point within the image.
SEBAL has an internal calibration for removing atmospheric effects using a series of iteration on Sensible Heat Flux (H) [15] [16] [17] [18] [19] [20] [21] . Since the satellite image provides information for the overpass time only, SEBAL computes an instantaneous ET flux for the image time. The ET flux is calculated for each pixel of the image as a "residual" of the surface energy budget equation:
where:
R n is the instantaneous net radiation (W·m −2 ) G is the instantaneous soil heat flux (W·m −2 ) H is the instantaneous sensible heat flux (W·m −2 )
λET is the instantaneous latent heat flux (W·m −2 )
In Equation (1), the soil heat flux (G) and sensible heat flux (H) are subtracted from the net radiation flux at the surface (R n ) to compute the "residual" energy available for evapotranspiration (λET) (Equation (1)). Soil heat flux is empirically calculated using vegetation indices, surface temperature and surface albedo. Sensible heat flux is computed using wind speed observations, estimated surface roughness and surface to air temperature differences. SEBAL uses an iterative process to correct for atmospheric instability due to the buoyancy effects of surface heating. Once the latent heat flux (λET) is computed for each pixel, an equivalent amount of instantaneous ET (mm/h) is readily calculated by dividing by the latent heat of vaporization (λ). Then, daily ETc is inferred.
In this paper, the actual crop evapotranspiration of the most water-intensive crops of Cypriot agriculture (citrus, bananas, colocasi, potatoes, and avocado trees) was determined as the residual of the energy balance equation using the measured net radiation (R n ), the soil heat flux density (G), and the estimated sensible heat flux density (H). There are three main agricultural areas of the island where the specific trees and annual crops are cultivated. The plots cultivated with the specific species are experimental plots cultivated with the same plots every year, from the Agricultural Research Institute of Cyprus. The objective of this paper is to compare the mean ETc values of the period 1994-2004 to the corresponding ones of the period 2005-2015, applying the same methodology (SEBAL) and satellite images from a single satellite system, namely LANDSAT. Unfortunately the satellite archive used had only images since 1994 so the authors had to choose two decades to compare the ETc of each crop. Meteorological data regarding the specific years were used, so as to retrieve the mean ETc values. The meteorological data were taken from specific stations, based on the three main agricultural areas mentioned earlier as shown in Figure 3 (λET) (Equation (1)). Soil heat flux is empirically calculated using vegetation indices, surface temperature and surface albedo. Sensible heat flux is computed using wind speed observations, estimated surface roughness and surface to air temperature differences. SEBAL uses an iterative process to correct for atmospheric instability due to the buoyancy effects of surface heating. Once the latent heat flux (λET) is computed for each pixel, an equivalent amount of instantaneous ET (mm/h) is readily calculated by dividing by the latent heat of vaporization (λ). Then, daily ETc is inferred. In this paper, the actual crop evapotranspiration of the most water-intensive crops of Cypriot agriculture (citrus, bananas, colocasi, potatoes, and avocado trees) was determined as the residual of the energy balance equation using the measured net radiation (Rn), the soil heat flux density (G), and the estimated sensible heat flux density (H). There are three main agricultural areas of the island where the specific trees and annual crops are cultivated. The plots cultivated with the specific species are experimental plots cultivated with the same plots every year, from the Agricultural Research Institute of Cyprus. The objective of this paper is to compare the mean ETc values of the period 1994-2004 to the corresponding ones of the period 2005-2015, applying the same methodology (SEBAL) and satellite images from a single satellite system, namely LANDSAT. Unfortunately the satellite archive used had only images since 1994 so the authors had to choose two decades to compare the ETc of each crop. Meteorological data regarding the specific years were used, so as to retrieve the mean ETc values. The meteorological data were taken from specific stations, based on the three main agricultural areas mentioned earlier as shown in Figure 3 
Materials and Methods
The method focuses on the SEBAL application for estimating the actual crop evapotranspiration of the specific crops in Cyprus during the two periods, namely 1994-2004 and 2005-2015. The goal is to create monthly average data for these two periods for all the crops included in this study. 
The method focuses on the SEBAL application for estimating the actual crop evapotranspiration of the specific crops in Cyprus during the two periods, namely 1994-2004 and 2005-2015. The goal is to create monthly average data for these two periods for all the crops included in this study.
The SEBAL model is applied for estimating the crop evapotranspiration using remotely-sensed data. The specific algorithm is applied to satellite images of the past referring to the 1994-2004 decade and, at the same time, to satellite images of the last decade, 2005-2015. As mentioned earlier only Landsat images were used in order to be consistent in the methodology. Landsat 5TM, seven ETM+, and eight OLI images with 15 m spatial resolution and 16-day temporal resolution of the island were used and transformed into ET a maps. Then, employing these maps, the necessary crop water requirements for each crop were inferred and recorded for the two periods under investigation. Average values for each month in mm have been found and compared for the two periods in order to statistically test if there is any significant difference on crop water requirements for each crop, between the periods denoting that the climate variations have affected the crop water requirements of the most water-intensive crops in Cyprus.
SEBAL computes a complete radiation and energy balance along with the resistances for momentum, heat, and water vapor transport for each pixel [8, 9] . The key input data for SEBAL consists of spectral radiance in the visible, near-infrared, and thermal infrared parts of the spectrum. Thus, the model can be applied using satellite sensors having a thermal band. Landsat 5 and 7 images were used in this study. In addition to satellite images, the SEBAL model requires weather parameters (wind speed, humidity, solar radiation, air temperature). These meteorological parameters were used as inputs for the algorithm and they were provided from the national meteorological station next to the area of interest. Evaporation was calculated from the instantaneous evaporative fraction, and the daily averaged net radiation, R n24 . The evaporative fraction was computed from the instantaneous surface energy balance at satellite overpass on a pixel-by-pixel basis:
where λE is the latent heat flux (W m −2 ), R n is the net radiation (W m −2 ), G 0 is the soil heat flux (W m −2 ), and H is the sensible heat flux (W m −2 ) as shown in Equation (2). The latent heat flux describes the amount of energy consumed to maintain a certain crop evaporation rate. The surface albedo, surface temperature and vegetation index are derived from satellite spectral measurements, and are used together to solve R n , G 0 and H. The instantaneous latent heat flux, λE, is the calculated residual term of the energy budget, and it is then used to compute the instantaneous evaporative fraction Λ (Equation (3)):
The instantaneous evaporative fraction Λ expresses the ratio of the actual to the crop evaporative demand when the atmospheric moisture conditions are in equilibrium with the soil moisture conditions. The instantaneous value can be used to calculate the daily value because the evaporative fraction tends to be constant during daytime hours, although the H and λE fluxes vary considerably [19, 24] . The difference between the instantaneous evaporative fraction at satellite overpass and the evaporative fraction derived from the 24-h integrated energy balance is marginal and may be neglected [19, 25, 26] . For time scales of one day or longer, G 0 can be ignored and the net available energy (R n − G 0 ) reduces to net radiation (R n ). At daily timescales, ET 24 (mm/day) can be computed as (Equation (4)):
where R n24 (W m 2 ) is the 24-h averaged net radiation, λ (J kg −1 ) is the latent heat of vaporization, and ρ w (kg m −3 ) is the density of water. LAI map. For estimating LAI the following equation was applied [19] (Equation (5)):
where: LAI = Leaf Area Index; WDVI = Weighted Difference Vegetation Index; α = complex combination of extinction and scattering coefficients; and ρ ∞ = asymptotically limiting value of the WDVI at very high LAI values.
Standard values for α and ρ ∞ were taken from literature specifically for annual crops and trees correspondingly.
As WDVI is a distance based index, relatively better atmospheric correction needs to be applied to the data, which is not necessary for ratio based indices, like NDVI and SAVI. However, using a spectroradiometer, as mentioned before, this limitation is bypassed. The Weighted Difference Vegetation Index (WDVI) is defined as follows (Equation (6)):
where NIR is the reflectance of near-infrared band, RED is the reflectance of visible red band, and γ is the slope of the soil line [13] [14] [15] . The WDVI index has the advantage to reduce the influence of soil background on the surface reflectance values to a great extent. Although simple, WDVI is as efficient as most of the slope-based VI. The effect of weighting the red band with the slope of the soil line is the maximization of the vegetation signal in the near-infrared band and the minimization of the effect of soil brightness. After creating a set of data from bare soil of the area during the year, the slope of the line was set to 1.27. The slope line is created from the NIR(Y axis in Figure 4 ) and R (X axis in Figure 4 ) spectra using spectroradiometric data (200 sample random measurements) from the areas' soil. (Figure 4 ). 
where: LAI = Leaf Area Index; WDVI = Weighted Difference Vegetation Index; α = complex combination of extinction and scattering coefficients; and ρ∞ = asymptotically limiting value of the WDVI at very high LAI values.
Standard values for α and ρ∞ were taken from literature specifically for annual crops and trees correspondingly.
where NIR is the reflectance of near-infrared band, RED is the reflectance of visible red band, and γ is the slope of the soil line [13] [14] [15] . The WDVI index has the advantage to reduce the influence of soil background on the surface reflectance values to a great extent. Although simple, WDVI is as efficient as most of the slope-based VI. The effect of weighting the red band with the slope of the soil line is the maximization of the vegetation signal in the near-infrared band and the minimization of the effect of soil brightness. After creating a set of data from bare soil of the area during the year, the slope of the line was set to 1.27. The slope line is created from the NIR(Y axis in Figure 4 ) and R (X axis in Figure 4 ) spectra using spectroradiometric data (200 sample random measurements) from the areas' soil. (Figure 4 ). The specific Equation (5) was applied to satellite images, and LAI maps were created. Various studies have shown that empirical equations of LAI and vegetation indices can provide good estimates of LAI from the satellite images. Then the LAI maps were used as inputs for the SEBAL algorithm for inferring the crop evapotranspiration for each crop or tree, as displayed in Figure 5 . The specific Equation (5) was applied to satellite images, and LAI maps were created. Various studies have shown that empirical equations of LAI and vegetation indices can provide good estimates of LAI from the satellite images. Then the LAI maps were used as inputs for the SEBAL algorithm for inferring the crop evapotranspiration for each crop or tree, as displayed in Figure 5 . In the procedure for applying SEBAL algorithm, a crucial point is the selection of the two 'anchor' pixels, the 'hot' and the 'cold' pixels, in the area of interest. These two pixels are used to find the difference (dT) of the temperature between the surface temperature (Ts) and the air temperature (near the surface), which is a basic assumption that SEBAL relies on. It is assumed that a linear relationship connects the Ts and the dT in the form of (Equation (7)): dT = aTs + b (7) Figure 5 . Generation of LAI (B) (in pseudo color) using Landsat images (A) (Landsat 7 ETM+ images).
In the procedure for applying SEBAL algorithm, a crucial point is the selection of the two 'anchor' pixels, the 'hot' and the 'cold' pixels, in the area of interest. These two pixels are used to find the difference (dT) of the temperature between the surface temperature (Ts) and the air temperature (near the surface), which is a basic assumption that SEBAL relies on. It is assumed that a linear relationship connects the Ts and the dT in the form of (Equation (7)): dT = aTs + b
The linear equation above is developed by using the dT values for the cold and hot pixels and the surface temperature [15, 19, 27, 28] . The cold pixel in SEBAL is used to define the amount of ETc, through H, occurring from the most vegetated and well-watered areas of the image. Usually, an alfa-alfa cultivation or water body is used to identify cold pixels in the area of interest. Surface temperature (Ts) (cold temperature), albedo values (0.22-0.24), and LAI (LAI > 3) values are the combination that was used to identify the 'cold' pixel in the area of interest from vegetated areas in the image. The 'hot' pixel is a pixel where ETc should be zero. This pixel is usually located in dry, bare agricultural fields. Both of these "anchor" pixels should be located in large and homogeneous areas that contain more than one pixel of Landsat's thermal band. The anchor cold and hot pixels in this thesis were selected in the area of interest where the cold pixel was located in lucerne under center pivot irrigation systems. The hot pixels were always found on bare soil surfaces.
Finally a statistical method for comparing the paired values for each crop of ETc (average monthly) has been employed, in order to test if there are significant differences among the different pairs. Student's t-test is used to find out if there is a statistically significant difference between average monthly value of each crop for the 1994-2004 decade and the corresponding one of the 2005-2015 value. The Student's t-test for paired samples, as a statistical significance test, was applied to compare and assess the results meaning. To assess the value of t, the standard deviation S D of each pair of values (real and predicted) must be known. D j refers to the difference of each pair, Da is the average difference of each pair, and n is the number of the pairs. Variance (S 2 D ) is calculated from Equation (8):
Following, the average variance (S 2 D ) of all pairs must be calculated from the following equation (Equation (9)):
Finally, the t value is calculated solving Equation (10):
The comparison of results will illustrate that. If the null hypothesis is not rejected, then there is no statistically significant difference for the actual crop evapotranspiration.
Results
After the methodology deployment, the necessary data has been recorded in tables for each crop or tree. Actual crop evapotranspiration has been retrieved from the ETc maps produced from the SEBAL application for each month as shown in Tables 2-4 . These values are the average values for all the years included in each decade. Figure 6 shows, graphically, the results derived from the SEBAL application for the five specific crops. The first graph for each crop illustrates the average monthly ETc per area while the second graph is a scattergram illustrating the differences of the corresponding average monthly values for each crop along with the R 2 of their correlation. It is obvious from the graphs that the results are very close for all cases. Corresponding average ETc values for each month are almost identical for all crops. Even the coefficient of determination recorded for each scattergram indicates that there is a strong inter-correlation between the paired values. Another piece of evidence is the fact that the trending lines of each scattergram follows the diagonal line in the same way. Of course, this the first evidence and does not prove statistically that there is, or is not, a significant difference between the values of the two decades.
Discussion
Hence, Student's t-test is employed in order to identify, in a statistical manner, if there is or is not any statistically significant difference among the average monthly values of ETc per crop. SPSS statistical software was used to proceed with the statistical analysis and obtain the values of the t-test to be compared with those of existing Statistical Tables for the t-test shown in the third column of Table 5 . The analysis has illustrated that the values of T observed between 1994-2004 values and 2005-2015 values of all the crops (all cases) were smaller than the T statistical , which implies that for (n − 1) degrees of freedom and at a confidence level of 95%, these values do not have a significant statistical difference between them. Thus, for all the cases it is shown that the ETc has not undergone any significant change due to climate variations. However, the authors need to indicate that they performed a statististical analysis especially for the average maximum temperature of each month to study if there is a significant change on the specific factor. The analysis has shown that, indeed, there is a significant change on the maximum temperature, which enables the authors to ensure the method they used in this manuscript is sound. Figure 6 . Results of the SEBAL application for the five crops. Figure 6 . Results of the SEBAL application for the five crops.
Conclusions
The purpose of the paper is to enlighten how variations on climate have affected crop evapotranspiration, using remote sensing techniques. The results indicate that actual crop evapotranspiration has not been affected for the crops that were under investigation. The statistical analysis has pointed out that the changes on the island's climate have no significant effect on the evaporation and transpiration mechanisms which rely on many meteorological parameters. Though it was expected that these changes would affect actual evapotranspiration, the null hypothesis (climate change would affect the crop evapotranspiration) is not rejected, since for all the cases actual evapotranspiration has not been affected statistically. Of course the paper refers to the most water-intensive crops of Cyprus' rural economy and to all the crops. Future work will consist of the same method application for other specific crops.
